The gene encoding actin in the thermophilic fungus Thermomyces lanuginosus has been isolated and sequenced. It contains five introns, with three being at positions already known to be intron sites in actin genes from other eukaryotes. These three positions have not been found to occur simultaneously in any other organisms to date, suggesting that the actin gene in this fungus may more closely resemble an ancestral form of this highly conserved eukaryotic gene. The 5' flanking region of the gene contains a TATA-like sequence and two CCAAT motifs in positions almost identical to those in the yeast actin gene. Other features of the gene sequence, and possible adaptations to thermophily, are discussed.
INTRODUCTION
Actin proteins are found in all eukaryotic cells (1) , and between even diverse species the amino acid sequence exhibits a high degree of conservation. The most divergent representatives known are those from ciliated protozoa such as Oxytricha and Tetrahymena, but even they retain at least 65S homology to yeast actin (2, 3) . The roles of actin are thought to include cell motility, cytoplasmic movements, and cell surface organization (4, 5) , in addition to its involvement in muscle cell contraction. Such a highly conserved macromolecule in eukaryotic cells would be expected to be indispensable and gene disruption experiments in yeast, which contains a single actin gene, have shown that loss of actin gene function is indeed lethal (6) .
The structure of genes encoding actin is somewhat variable with respect to introns. The yeast actin gene contains a single intron, while those of ciliated protozoa (2, 3) and Dictyostelium contain no introns.
Actin genes from multicellular eukaryotes contain at least one, and in most cases 2 to 6 introns (7) . The positions of these introns within the coding regions do, however, show some conservation, particularly among more closely related species but also to a lesser degree among highly divergent groups.
The ubiquity of actin in eukaryotes, and its strongly conserved amino acid sequence, have led to the suggestion that primitive actin genes may have contained numerous introns and that introns have been lost at different positions as species diverged. The loss of introns during evolution was first indicated by studies of insulin genes, where it was noted that in the rat an intron loss occurred in one of the two copies of this gene (8) .
This paper reports an analysis of the actin gene from a multicellular fungus, the thermophile Thermomyces lanuginosus. The reasons for studying this organism, which can grow at temperatures up to 60 C, were several.
First, it was of interest to know if yeast, which contains a single actin gene having one intron, is representative of other fungi, with respect to actin gene arrangement. Many plants and animals contain families of actin genes, and within one species each actin gene may have unique intron-excn arrangements (7) . Second, the macromolecules (proteins and nucleic acids) of thermophilic organisms often exhibit greater thermal stability than those from mesophiles (9, 10) . Because actin is a vital component of the cell, it might be anticipated that in the thermophile some changes will have occurred during evolution to adapt the molecule to the higher temperatures. Finally, the promoter sequences which regulate the transcription of eukaryotic protein coding genes often exhibit elements that have been conserved throughout evolution -i.e. a TATA-box, an upstream sequence element often containing -CCAAT-or -CCGCCC-motifs, and an enhancer (11, 12) . Furthermore, promoters from one species will often work in diverse organisms. Yeast promoters appear to be somewhat different from those of other eukaryotes in that the position of the TATA box is variable and promoter elements often contain ATrich tracts (13, 14) . Since actin is so highly conserved, it was of interest to compare the 5' flanking region of the Thermomyces actin gene, to that of yeast, to see if any putative promoter elements are also conserved between the thermophile and mesophile.
Examination of the Thermomyces actin gene reveals that its actin protein is highly homologous to that of yeast (901), although the pattern of codon utilization is such that the wobble position is much more GC-rich. Hybridizations were carried out on nitrocellulose membranes at 30°C in 501 formamide, 5XSSC, 5X Denhardt's, 0.11 SDS, using standard procedures (17) .
Inserts contained within positive plaques were subcloned into pBR322 using E_. coli HB101 (17) , and sequenced using the method of Maxam and Gilbert (18) .
Nuclease S mapping (19) was used to identify the site of mRNA initiation. Total RNA was extracted using SDS and phenol from mycelia grown at 50 C in liquid medium containing soluble starch (12.5 g/1), yeast extract (2.5 g/1), MgSCI^ (0.5 g/1), and KgHPO^ (1.0 g/1). Poly A + RNA was purified on oligo dT cellulose (17) and used for the S analysis. The probe was 5'-labeled, using polynucleotide kinase, at a unique Ncol site found at the initiation codon by purifying on a 51 polyacrylamide gel the EcoRI to Ncol fragment containing the 5' flanking region, labeling and separating the strands on a II non-denaturing polyacrylamide gel using standard procedures (17, 18) . The probe strand complementary to the mRNA was hybridized to the samples at 42°C in 501 formamide, 0.1 M NaCl, 10 mM Pipes, pH 6.4, for 16 hours. The hybrids were then digested with 50, 150 or 500 units of S nuclease (Boehringer Mannheim) for 4 hours at 25°C as previously described (19) . Following phenol/CHCl extraction, the protected fragments were analysed on denaturing 61 polyacrylamide gels.
RESULTS

Cloning and Sequencing the Thermomyces Actin Gene
Approximately 10 plaques containing the Thermomyces lanuginosus Comparison of intron positions in the actin gene of Thermomyces lanuRinosus with intron positions in actin genes from diverse eukaryotes. The data for the various organisms is obtained from the following references: Saccharomyces cerevisiae (30), Acanthamoeba (3D, Caenorhabditis elegans (32), Drosophila melanosaster (33, 31)) sea urchin (35) , chicken skeletal muscle (36) , rat skeletal muscle (7), rat 6-cytoplasmic (37), human smooth muscle actin gene (aortic type) (38) , human cardiac muscle (39) , and soybean (40) .
Asterisks indicate the intron positions which are conserved between Thermomyces and other species. Some genes from thermophilic bacteria have also been noted to evolve in this way (21) , and recently it has been suggested that at least in bacteria there may be a bias toward AT or GC substitutions during mutation (25) . That is, the rautagenic mechanisms may have evolved to favor GC formation. In the Thermomyces actin gene a higher overall GC content, as compared to the mesophile yeast, has also been achieved by events which leave the coding function of the gene essentially unchanged. Preliminary analysis of the ribosomal genes and spacer regions in the ribosomal DNA of Thermomyces support the notion that, as in bacteria, this fungus has a bias to GC mutagenesis mechanisms that serve to elevate the GC content without changing the ability of the gene to function (W. Wong, A. Wildeman, and R. Nazar, manuscript submitted).
Splicing in eukaryotic genes is now known to involve the formation of a lariat structure, where the 5' side of the intron is first cleaved and then joined to an acceptor site within the intron (27) and Thermomyces genes, the promoters appear to be unable to substitute for one another. Studies are currently underway to more precisely locate the yeast actin promoter sequences, and that knowledge may provide some insight into the Thermomyces control region. The most obvious difference between the two promoters is the lack of long AT-rich segments in Thermomyces. These segments are found in a number of yeast genes, and in some cases may themselves act to promote transcription in yeast (14) . At present, very little is known about the transcription termination control sequences in fungal actin genes. Within the 3' flanking region analysed there is no -AATAAA-tract, a motif has been shown to be a signal for polyadenylation in eukaryotes (26) . Additional sequence further downstream of the gene will have to be determined to see if this putative element is present.
